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Synaptic plasticity: Rush hour traffic in the AMPA lanes
Juan Burrone and Venkatesh N. Murthy
Recent experiments indicate that modification of
synaptic strength may involve rapid regulation of
vesicular traffic on the postsynaptic side of the synapse.
The specific vesicular trafficking route taken by
postsynaptic receptors appears to depend on the
stimulus.
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Synapses are modifiable sites of information transfer
between neurons. This information transfer is generally in
the form of released neurotransmitter molecules, which at
a large fraction of synapses in the brain are glutamate.
Glutamate can activate several types of postsynaptic
receptor; of these, the AMPA-type receptors and NMDA-
type receptors — named for the agonists that selectively
activate them — have been the focus of recent investiga-
tions on central synapses. AMPA receptors are activated
directly by glutamate binding, and their activation leads
to changes in the membrane potential of a postsynaptic
neuron. NMDA receptors require glutamate binding, as
well as depolarization to become activated and conduct
ions including calcium. A convenient way of thinking about
these two types of receptor is that AMPA receptors
are involved in moment-to-moment information transfer
between neurons, whereas NMDA receptors act as detec-
tors of unusual patterns of activity to trigger changes in
synaptic strength by modulating AMPA receptor responses.
It should come as no surprise, therefore, that the regula-
tion of AMPA receptors has taken center stage in the
study of synaptic plasticity.
Activity-dependent changes in synaptic strength are
thought to underlie many forms of memory. Two com-
monly studied models of synaptic plasticity are long-term
potentiation (LTP) and long-term depression (LTD).
When a glutamatergic synapse is activated by strong activ-
ity, or activity that is synchronous between the presynap-
tic and postsynaptic neurons, it exhibits a robust increase
in its strength — it has undergone LTP. Conversely,
weak or uncorrelated activity leads to LTD, a decrease in
synaptic strength. In principle, changes in synaptic
strength could be achieved by modulating either presy-
naptic neurotransmitter release or postsynaptic response
size. Many recent studies, however, appear to implicate
postsynaptic modification in commonly studied models of
synaptic plasticity. 
A flurry of recent papers [1–3] has provided initial sketches
for a model of postsynaptic modification to explain both
LTP and LTD. Not surprisingly, this model draws on a
classical cell biological mechanism: the secretory and
endocytic pathways that carry out vesicular traffic in all
cells. These ubiquitous pathways are used in a variety of
circumstances, from the uptake of cholesterol through
LDL receptors to the release of neurotransmitter at the
presynaptic terminal of a neuron. Now, it appears that
AMPA receptors undergo a cycle of internalization and
reinsertion into the plasma membrane, and this cycle is
modulated by activity (Figure 1). Such a mechanism has
the potential for modulating synaptic gain, as the balance
between the rate of removal and insertion will establish
the number of surface AMPA receptors and therefore
determine the strength of the synapse.
The first clear evidence for recycling of AMPA receptors
at the postsynaptic membrane came from studies that
used peptide inhibitors to disrupt protein–protein interac-
tions essential for either exocytosis or endocytosis of vesi-
cles. These disruptions were found to cause changes in
postsynaptic responses [4–6]. Such studies showed that
AMPA receptor internalization is clathrin-mediated [7],
and that reinsertion into the plasma membrane required
the fusion protein known as N-ethylmaleimide-sensitive
factor (NSF) [4,6]. In addition, induction of LTP was
shown to cause the transport of new AMPA receptor mole-
cules to activated spines [8], whereas induction of LTD
had the opposite effect, namely a reduction in the number
of spines that were immunoreactive to AMPA receptors
[9]. Together, these results suggest a model in which the
strength of a synapse is altered by the insertion or removal
of AMPA receptor at the plasma membrane.
Although these previous experiments hinted at membrane
recycling of AMPA receptors, mechanistic and quantita-
tive information about the rates of AMPA receptor inter-
nalization and reinsertion was not available. Now, in a
series of cleverly designed experiments, several investiga-
tors have shed light on the pathways and rates of move-
ment of AMPA receptor. Ehlers [2] used a biotinylation
assay to measure the rate of endocytosis of AMPA receptor
molecules, and their fate upon internalization. Surface
proteins were biotinylated and allowed to recycle for dif-
ferent durations after which the surface biotin was cleaved
(leaving behind only the internalized biotin). Biotinylated
receptors were then precipitated out, and AMPA receptor
molecules detected using specific antibodies. The rate
and amount of endocytosis in unstimulated cells were
found to be relatively high (see also [5]), with about 15%
of receptors being internalized with a time constant of
about 9 minutes. Using quantitative immunofluorescence,
Lin et al. [3] measured a similar basal rate of AMPA recep-
tor endocytosis. 
Altering the level of activity in the neuronal cultures led to a
change in the rate and amount of AMPA receptor endocyto-
sis [2]. Incubation of cultured neurons for an hour in picro-
toxin, which suppresses inhibitory transmission and thereby
increases the overall activity of neurons, increased the
extent and rate of AMPA receptor endocytosis — 30%
receptor molecules were internalized with a time constant of
5 minutes [2]. Conversely, decreasing overall activity levels
by inhibiting action potentials caused a decrease in AMPA
receptor endocytosis — about 5% receptor molecules were
endocytosed with a time constant of about 15 minutes. The
rate and extent of AMPA receptor endocytosis is therefore
tightly regulated by neuronal activity.
Synapses at rest maintain their strength, presumably
because the number of surface AMPA receptor molecules
is relatively constant. For this the rate of endocytosis has
to be matched by the rate of reinsertion of receptor mole-
cules into the plasma membrane. To measure the reinser-
tion of AMPA receptor after endocytosis, Ehlers [2] used a
modification of the biotinylation assay described above.
Surface proteins were biotinylated and allowed to endocy-
tose for 30 minutes, after which all surface biotin was
cleaved. Cells were then allowed to cycle for different
durations before a second round of cleavage removed the
biotin from those AMPA receptors that had been rein-
serted into the plasma membrane. This protocol allows
measurement of surface reinsertion from the decrease in
biotinylated AMPA receptor after the final cleaving step.
From such measurements, Ehlers [2] confirmed that the
rate of AMPA receptor reinsertion matches the rate of
endocytosis for cells at rest, so that the surface AMPA
receptor  number remains constant. Interestingly, a global
increase or decrease in neuronal activity increased or
decreased the rate of AMPA receptor cycling, respectively,
but did not alter the number of surface receptors.
Why do cells apparently waste so much energy shuttling
receptors back and forth? It is easy to imagine a static
situation with a fixed number of AMPA receptor mole-
cules at the surface and very little basal endocytosis or
exocytosis. In fact, this appears to be the case for NMDA
receptors. The reason for a dynamic rather than a static
equilibrium may be the sensitivity and speed of change.
With ongoing endocytosis and exocytosis, subtle alter-
ations in the rate of either process can rapidly change the
equilibrium level of surface AMPA receptors. For the
process envisioned in Figure 1, the time constant to attain
equilibrium following a perturbation is 1/(Kendo + Kexo);
higher rates of Kendo and Kexo will result in a smaller time
constant. Perhaps synapses keep their engines running at
a reasonable idling rate to allow the throttle to go up or
down upon a moment’s notice.
Three recent studies [1–3] have shown that activating
glutamate receptors with specific agonists stimulates
endocytosis of AMPA receptors and modulates the rate
and route of AMPA receptor reinsertion [2]. Ehlers [2]
found that, when cells were stimulated chemically with
either AMPA or NMDA, AMPA receptor endocytosis
occurred at a similar rate (maximal at about 9–10 minutes).
In contrast, the reinsertion of AMPA receptor back into
the plasma membrane was dramatically slower for AMPA-
treated than for NMDA-treated cells (τ = 119 minutes and
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Figure 1
(a) AMPA receptors residing on the cell surface are in dynamic
equilibrium with those residing in intracellular transport vesicles. The
rate of endocytosis and exocytosis of AMPA receptors is regulated by
activity. A net increase in endocytic rate will result in a decreased
response size and a net increase in exocytic rate will have the opposite
effect. (b) The time taken to attain equilibrium in response to changes
in the rate of exocytosis or endocytosis is inversely related to either
rate. At the zero time point, the rate of endocytosis was increased two-
fold. A new equilibrium is achieved more rapidly when the baseline
recycling rates are faster.
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τ = 9.4 minutes, respectively). By comparing the rates of
endocytosis with those of exocytosis in each case, it
becomes apparent that NMDA treatment hardly changed
the number of membrane surface receptors, whereas
AMPA treatment caused a dramatic reduction in the levels
of AMPA receptors at the surface and presumably a reduc-
tion in postsynaptic strength.
The results of Ehlers [2] are in broad agreement with those
of Beattie et al. [1] and Lin et al. [3], who found that AMPA
and NMDA both increased the amount of AMPA receptor
internalization. Surprisingly, however, Lin et al. [3] found
that receptor activation was not necessary — just binding
of agonists (or even antagonists!) to AMPA receptors can
lead to internalization [3]. Beattie et al. [1] found that stim-
ulation with AMPA preferentially caused endocytosis of
AMPA receptors at the soma and regions proximal to the
soma, whereas NMDA stimulation induced endocytosis at
the dendrites, indicating that there are location-dependent
differences in AMPA receptor recycling [1]. Neither Lin
et al. [3] nor Beattie et al. [1] measured the rate of reinser-
tion of AMPA receptor into the plasma membrane.
What is the fate of AMPA receptor molecules once they
are internalized? Although there are differences in what
the three new studies [1–3] say on this matter, they agree
on the existence of multiple pathways for AMPA receptor
recycling (Figure 2). Ehlers [2] found that AMPA recep-
tor molecules internalized after stimulation of NMDA
receptors are rapidly reinserted back into the plasma mem-
brane. This rapid recycling involves calcium, phosphatases
(such as calcineurin) and protein kinase A (PKA). In con-
trast, AMPA-induced internalization of AMPA receptors
does not involve calcium, calcineurin or PKA, and the
internalized receptors are not returned to the plasma
membrane quickly.
Beattie et al. [1] contend that AMPA-stimulated and
NMDA-stimulated endocytosis are both Ca2+-dependent
and involve the protein phosphatase calcineurin. This is
an appealing result, as the induction of LTD is known to
require the activation of calcineurin by Ca2+ influx through
NMDA receptors. These findings, however, only partly
agree with those of Ehlers [2], which did not indicate a
role for calcineurin or calcium in AMPA-stimulated inter-
nalization. Lin et al. [3] also found that inhibiting phos-
phatases did not alter AMPA-stimulated internalization of
AMPA receptor. Beattie et al. [1] and Lin et al. [3] both
also studied the effects of insulin on AMPA receptor endo-
cytosis. Insulin has been shown to induce a form of LTD,
which is Ca2+-independent, presumably through the inter-
nalization of AMPA receptor [7]. The two groups [1,3]
agree that insulin stimulates AMPA receptor endocytosis,
although one [1] found that insulin causes AMPA receptor
internalization via a pathway independent of Ca2+ and cal-
cineurin, whereas the other [3] found that calcineurin is in
fact involved in insulin-stimulated recycling.
It is important to know whether the changes observed
using these biochemical and immunochemical assays result
in any alteration of AMPA receptor function. Beattie et al.
[1] measured miniature excitatory postsynaptic currents
(mEPSCs), a measure of functional receptors at individual
synapses, and found that that NMDA treatment caused a
reduction in mEPSC frequency but not amplitude [1]. If
the effects of NMDA treatment are exclusively postsynap-
tic, then the simplest explanation for a decrease in
mEPSC frequency is a selective loss of AMPA receptors at
certain synapses, and not a scaled loss of AMPA receptors
from all synapses. In other words, some synapses are
silenced by selective removal of all AMPA receptors. Con-
tradictory results, however, were obtained in another
recent study by Lu et al. [10], who found that application
Figure 2
The mode and location of endocytosis of
AMPA receptors, as well as the fate of
internalized receptors, may depend on the
stimulus that triggers internalization.
Internalization caused by activation of NMDA
receptors and the accompanying increase in
cytosolic calcium guide AMPA receptors
through the local, fast route. In contrast,
AMPA-stimulated endocytosis leads to the
longer journey involving late endosomes and
perhaps lysosomes. In this latter case, if
receptors are targeted to the lysosomes, they
may be degraded and new receptors will have
to be reinserted into the plasma membrane.
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of NMDA led to a decrease in the amplitude, as well as
the frequency, of mEPSCs. This observation is consistent
with AMPA receptors being removed from all synapses,
and some synapses becoming depleted of AMPA recep-
tors. As many of the groups find that AMPA application
leads to internalization of AMPA receptors, it is of interest
whether stimulation using AMPA also leads to a change in
frequency or amplitude of mEPSCs.
The differences among the various studies may be the
result of differing experimental protocols. More interest-
ingly, it opens up the question of whether there are differ-
ent populations of AMPA receptors, and whether the
different groups preferentially measured internalization of a
specific subset of AMPA receptors. In such a rapidly evolv-
ing field, these discrepancies will shortly be resolved. One
important refinement in the experimental design will be
the use of physiological stimulation to study the effect of
synaptically released glutamate on AMPA receptor cycling,
rather than exogenous application of AMPA and NMDA. 
The importance of synaptic stimulation is underscored by
a recent study [10] where stimulating just synaptic NMDA
receptors had a quite different effect from stimulation of
all NMDA receptors by widespread application of NMDA.
Stimulating only synaptic NMDA receptors led to an
increase in the size and frequency of AMPA receptor-
mediated mEPSCs. This increase was a result of insertion
of new receptors. In contrast, stimulating all NMDA
receptors by bath-application of NMDA led to a decrease
in the size and frequency of mEPSCs. In light of this
result, it is clearly important to repeat some of the experi-
ments on AMPA receptor recycling by selectively stimu-
lating synaptic NMDA receptors.
Several fundamental questions regarding the traffic of
AMPA receptors remain. The answers to questions
regarding the identity of specific signaling molecules and
pathways will no doubt be the first to come. The more
difficult questions about the actual biophysical mecha-
nisms involved in receptor maintenance and recycling
might take a bit longer to answer, but will ultimately be
more satisfying. How are receptors destined for endocyto-
sis selected? What fraction of these receptors is synaptic
(in contrast to extra-synaptic receptors normally not
engaged in synaptic transmission)? AMPA receptors
selected for endocytosis have to be spatially segregated
from NMDA receptors, which apparently do not undergo
much recycling on these time scales. Where exactly does
endocytosis occur? Are receptors destined for endocytosis
moved to regions peripheral to the postsynaptic density
before endocytosis? If so, before they are mobilized,
receptors need to disengage from any tethering or scaffold
molecules. What is the exact fate of AMPA receptors that
are endocytosed in response to physiological stimuli?
What exactly determines whether receptors are reinserted
into the plasma membrane, or sent off to a degradative
pathway? How local is the recycling of receptors? Do
endocytosed receptors stay within the spine, or do they
travel between neighboring spines? The answers to many
of these questions will no doubt be available on your Web
browser soon.
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